Limb elements in birds have been characterized as exhibiting a reduction in trabecular bone, thinner cortices and decreased bending strength when pneumatized, yet it is unclear if these characteristics generalize to the axial skeleton. Thin section techniques, the traditional gold standard for bone structure studies, have most commonly been applied to the study of avian bone. This destructive technique, however, makes it impossible subsequently to use the same samples in experimental testing systems that allow researchers to correlate structure with the mechanical properties of the bone. Micro-computed tomography ( µ CT), a non-destructive X-ray imaging technique, can be used to assess the effect of pneumatization on vertebral cortical and trabecular bone through virtual extraction and structural quantification of each tissue type. We conducted a preliminary investigation of the application of µ CT methods to the study of cortical and trabecular bone structure in a small sample of pneumatized and apneumatic thoracic vertebrae. The sample consisted of two similar-sized anatids, Aix sponsa ( n = 7) and Oxyura jamaicensis ( n = 5). Volumes of interest were created that contoured (outlined) the boundaries of the ventral cortical bone shell, the trabecular compartment and the whole centrum (cortical bone + trabecular bone), and allowed independent structural analysis of each volume of interest. Results indicated that bone volume fraction of the whole centrum was significantly higher in the apneumatic O. jamaicensis than in the pneumatized A. sponsa ( A. sponsa = 36%, O. jamaicensis = 48%, P < 0.05). In contrast, trabecular bone volume fraction was similar between the two species. The ventral cortical bone shell was approximately 23% thinner ( P < 0.05) in A. sponsa (0.133 mm) compared with apneumatic O. jamaicensis (0.172 mm). This case study demonstrates that µ CT is a powerful nondestructive imaging technique that may be applied to the three-dimensional study of avian bone. The preliminary results suggest that pneumatic and apneumatic vertebrae of comparably sized avian species differ in relative bone volume, with the largest difference apparent at the level of the cortex, and not within trabecular bone. The presence of relatively thin cortices in pneumatic vertebrae is consistent with previous studies contrasting diaphyseal cortical bone between pneumatic and apneumatic long bones. Methodological issues related to this and any comparative µ CT study of bone structure are discussed.
, although the precise mechanism by which this occurs remains enigmatic. The pneumatic foramen, an osteological correlate of pneumaticity, allows the passage of air sac diverticula through the cortical surface and into internal cavities within bone ( Fig. 1 ; Crisp, 1857; O'Connor, 2004 O'Connor, , 2006 . The anatomical distribution of pneumatization throughout the postcranial skeleton varies both among and within different groups of birds (Crisp, 1857; King & Kelly, 1956; King, 1957; Bellairs & Jenkin, 1960; King & McLelland, 1979; O'Connor, 2004) .
Continued interest exists in postcranial skeletal pneumatization and its effect on the structural and mechanical properties of avian bone (Currey & Alexander, 1985; Cubo & Casinos, 1998 , 2000 Casinos & Cubo, 2001; O'Connor, 2004 O'Connor, , 2006 de Margerie et al. 2005) . Several studies have examined the structure of pneumatic long bones (Currey & Alexander, 1985; Cubo & Casinos, 1998 , 2000 Casinos & Cubo, 2001; de Margerie et al. 2005) . In particular, Currey & Alexander (1985) measured cortical thickness as the quantity K , the ratio of the internal to external diameter. These values were compared with a range of theoretical optima predicated on models of resistance to different types of loading environments, with results indicating that pneumatic bones are thinner walled than marrow-filled bones and are not selected for heavy load bearing. Building upon this work, Cubo & Casinos (2000) examined structural and mechanical properties of pneumatic long bones, including cortical thickness, bending strength and Young's modulus. Their results indicate that pneumatic long bones have thinner cortices, reduced stiffness and less resistance to bending when compared with size-matched apneumatic bones.
The impact of pneumatization on the trabecular bone of long bones, not to mention components of the axial skeleton, has not been quantitatively assessed.
The current understanding of pneumaticity in the vertebral column has been limited to regional anatomical descriptions (King & Kelly, 1956; King, 1957; Hogg, 1984a; O'Connor, 2004) . Moreover, there are no published studies comparing the bone microstructure of pneumatic and marrow-filled vertebrae. Because cortical and trabecular bone work synergistically to determine bone strength (Rogers & LaBarbara, 1993; Lotz et al. 1995; Silva et al. 1997; Grynpas et al. 2000) , it is of interest to examine the effect of pneumatization on these bone tissue types.
Previous studies have used destructive sectioning methods to assess bone structure. Sectioning methods are the gold standard for assessing cancellous and cortical bone structure in comparative avian bone studies (Meister, 1962; Currey & Alexander, 1985; Cubo & Casinos, 2000; Horner et al. 2000; de Margerie et al. 2005) . Microcomputed tomography ( µ CT) is a high-resolution X-ray imaging technique (Rüegsegger et al. 1996) initially developed for, and now commonly used in, orthopaedic research to assess cancellous and cortical bone structure. Moreover, it is becoming a common approach in studies of comparative primate morphology research since its original introduction (Fajardo & Müller, 2001; MacLatchy & Müller, 2002; Ryan & Ketcham, 2002a ,b, 2005 Ryan & van Rietbergen, 2005; Maga et al. 2006; Fajardo et al. 2007) . One advantage of the µ CT method is that it is non-destructive and as a result specimens may subsequently be used in either soft tissue histology or mechanical testing. The latter is important because it is ideal directly to correlate structure and mechanical properties in the same specimens. Another advantage is that all structural measurements are completed in a three-dimensional (3D) volume, circumventing many of the structural assumptions about trabecular bone (Parfitt et al. 1983 ) and stereology-related caveats (Underwood, 1970; Weibel, 1979 Weibel, , 1980 pertinent to 2D morphometry. Also, in many µ CT systems, the image files can be manipulated to extract the 3D volume of cancellous and /or cortical bone in a vertebra (or any bone where the two tissues are adjacent) and quantify their structure independently.
We present a methodological case study to assess the application of µ CT to investigations of the effect of pneumatization on the whole bone structural properties of avian vertebrae. Morphometric results were compared with previous studies examining the effect of pneumatization on elements of the appendicular skeleton.
Materials and methods
The third thoracic vertebrae of two species of ducks Three volumes of interest (VOIs) were created to characterize vertebrae structurally, including (1) trabecular bone within the centrum, (2) cortical bone delimiting the centrum and (3) the whole centrum (including the trabecular and cortical bone). Each µ CT scan produced a 3D stack that could be viewed slice by slice (Fig. 2a,b ).
Beginning ten slices caudal to the last visual evidence of the cranial growth plate, we used a region of interest (ROI, which is a 2D area) drawing tool to outline either the marrow cavity, ventral cortical bone shell including the ventral process (hypapophysis) or the whole centrum (including the ventral process) in individual image slices. This process was repeated at every tenth slice through the vertebra until we reached a plane ten slices cranial to the caudal growth plate of the centrum. The ten-slice buffer from both growth plates was chosen to avoid the transitional zone between the trabecular bone and the porous endplate cortical bone in vertebrae. For the trabecular bone, ROI outlines followed the endosteal border of the vertebral centrum (Fig. 2c ).
The cortical bone ROI was constructed by outlining the periosteal and endosteal boundaries of the ventral cortical shell (Fig. 2d ). The whole centrum ROI was constructed by outlining the periosteal boundaries of the centrum (including the ventral process) and a segment connecting the ventrolateral extent of each pedicle (following the periosteal contour of the vertebral canal).
Finally, the µ CT system's MORPH function used these index ROI slices to interpolate the shape changes of the ROIs between every tenth index slice and create VOIs.
Each VOI was reviewed and any errors introduced by the computer interpolation algorithm were manually corrected.
Thresholding, or segmentation of an image, refers to the process of binarizing a data set in order to distinguish bone from the surrounding background. This process is non-trivial and can lead to measurement error if applied arbitrarily (Hara et al. 2002) . We applied an adaptive, iterative threshold to distinguish bone from background in all images (detailed in Ridler & Calvard, 1978; Trussell, 1979; Ryan & Ketcham, 2002a; Meinel et al. 2005; Maga et al. 2006) . Importantly, the precision, accuracy and stability of this approach have been tested on a variety of image types (Glasbey, 1993; Leung & Lam, 1996; Rajagopalan et al. 2005 ).
The following structural parameters were measured in three dimensions and without any model assumptions (Parfitt et al. 1983; Guldberg et al. 2003) or concern for caveats related to measurements in 2D sections (i.e. stereology; Underwood, 1970; Weibel, 1979 Weibel, , 1980 . Trabecular bone volume fraction, Tb.BV/TV, is the relative amount of trabecular bone volume in the VOI. This is measured as the ratio of bone voxels to the total number of voxels. Trabecular thickness, Tb.Th, is an average measurement of the thickness of all trabeculae (Hildebrand & Rüegsegger, 1997; Hildebrand et al. 1999 ).
The average thickness represents the mean diameter of all non-overlapping spheres of maximum diameter positioned within the trabecular lattice (Hildebrand & Rüegsegger, 1997) . Trabecular number, Tb.N, is a measure of the number of trabeculae per millimetre in 3D space (Hildebrand et al. 1999) . This is calculated as the average inverse distance between the midline long axes of all trabeculae (Hildebrand et al. 1999) . The structural degree of anisotropy, Tb.DA, is a 3D measurement based on bone structure orientation that follows the method described by Laib (2000) . In brief, this calculation uses an orientation distribution calculated from surface normals of each triangle in a mesh framework projected onto the bone surface. These data are then fit to an ellipsoid using a least-squares approach and the DA is expressed as a ratio of the longest to shortest vector of the ellipsoid. A value of one indicates no preferred plane of structural orientation (isotropy), with values greater than one indicative of increasing organization of the lattice (anisotropy). The cortical thickness, Ct.Th, is measured using the same spheres approach described for Tb.Th above. Finally, the whole centrum bone volume fraction, Wh.BV/TV, is the ratio of all bone voxels (Tb. + Ct.) to the total number of voxels in the whole centrum VOI.
Statistics
Means, standard deviations and coefficients of variation were calculated for all measurements. Independent ttests and non-parametric equivalent tests were used to compare species means (significance threshold was set to α = 0.05). All statistical tests were performed in SPSS v. 8.0. Table 1 
Results

Discussion
The two related objectives of this study were to (1) provide a preliminary examination of vertebral structure in pneumatic and apneumatic bone, and (2) evaluate the application of µ CT approaches in avian comparative osteology. What follows is a brief overview of these results and their implications in addition to a discussion of methodological issues relevant for similar studies.
The microstructure of pneumatic and apneumatic bone: a case study in duck vertebrae
Previous studies suggested that pneumatization of the avian postcranium is associated with trabecular degeneration occurring in conjunction with the spreading of air sac diverticula throughout the medullary space (Bremer, 1940; Bellairs & Jenkin, 1960 We also observed greater intraspecific variability in the trabecular bone volume fraction in the third thoracic vertebrae of Aix sponsa. The third thoracic vertebra was chosen because it was reported to be consistently pneumatized in model taxa (e.g. chickens, pigeons; King, 1957; Hogg, 1984a) , and thus it was assumed that this would hold for the pneumatic taxon in this study.
The intraspecific variation in BV/TV we report may be a local effect and not representative of adjacent levels or the entire axial skeleton. Nevertheless, these results are intriguing because they at least suggest that pneumatization, as a rule, does not lead to reduced trabecular bone volume fraction. Moreover, these results extend the reported pattern of thinner cortices in pneumatic long bones to a representative portion of the axial skeleton.
The structural differences identified in this study correlate with a divergence in behavioural characteristics between the two taxa. The foraging strategy of Oxyura jamaicensis consists of sustained diving during food acquisition whereas Aix sponsa practises dabbling (with only minimal diving; Hepp & Bellrose, 1995; Johnsgard & Carbonell, 1996) . Diving birds possess numerous anatomical specializations related to underwater propulsion (e.g. caudally positioned hind limbs, elongation of individual hind limb elements; Raikow, 1970; McCracken et al. 1999 ) and they also exhibit a reduction in postcranial pneumatization relative to non-divers, even among closely related taxa (O'Connor, 2004) . The lack of aeration in dedicated diving taxa is typically explained on the grounds that the presence of air might limit the ability to forage under water successfully (i.e. the increased buoyancy may be energetically disadvantageous in performing such specialized locomotor behaviours). In addition, increased cortical thickness is characteristic of aquatic animals (Wall, 1983; Currey & Alexander, 1985) . Currey & Alexander (1985) reported that long bones of aquatic tetrapods exhibit high density values, smaller marrow cavities, and thicker walls relative to terrestrial taxa, all of which work to minimize the amount of lowdensity fat contained within the medullary cavity. Wall (1983) also suggested that thick-walled bones are a means of achieving neutral buoyancy.
The high levels of intraspecific variability in trabecular bone volume fraction (and other variables) of Aix sponsa
highlight an important set of study design challenges encountered, underlining a characteristic that others will need to consider. We restricted our samples to adult male skeletal material of unknown exact age, a fact that must be emphasized. At the moment, we cannot determine the source of the high intraspecific variability observed in the adult phenotype of A. sponsa. The Tanck et al. 2001; Wolschrijn & Weijs, 2004) . However, potentially working synchronously against this growth is the expansion of pneumatic epithelium within a bone, the latter process representing one that might induce variable resorption from individual to individual (Crisp, 1857; Locy & Larsell, 1916a,b; Bremer, 1940; Bellairs & Jenkin, 1960; King & McLelland, 1979; Hogg, 1984a,b; O'Connor, 2004) . Lastly, ageing-associated trabecular bone loss and structural changes (after skeletal maturity), such as those known to occur in mammals (Mosekilde, 1990; Kammerer et al. 1995; Brodt et al. 1999; Cerroni et al. 2000; Halloran et al. 2002; Filardi et al. 2004 ; Glatt & Bouxsein in press), most likely also impact the adult avian phenotype. In the future, it will be critical to examine how the ontogeny of bone growth, pneumatization and ageing-associated bone loss and structural changes in avian bone interact to determine the adult skeletal phenotype. In this study, only males were included in the sample to avoid any potential sex differences, particularly those related to reproduction (egg production). Sex-related differences may exist in aspects of the pneumatization process, the bone structure or both. Furthermore, it is known that egg-producing females lose cancellous bone in the metaphyses of long bones (Wilson & Thorp, 1998) . Although data are lacking on this point in birds, it would not be surprising to discover that calcium stores in vertebral trabecular bone respond dynamically to egg production. It is interesting to note that vertebral trabecular bone turnover in mammals is equal to or greater than metaphyseal trabecular bone turnover (Lane et al. 1998; Nishida et al. 1998) . In an ideal situation, researchers would control for age, gender, reproductive status, hormone levels and the state of health (Weaver & Chalmers, 1966; Parfitt et al. 1983; Kleerekoper et al. 1985; Fazzalari et al. 1992; Grote et al. 1995; Kalkwarf & Specker, 1995; Majumdar et al. 1997; Parsons et al. 1997; Lees & Jerome, 1998 ) but this is unrealistic in studies utilizing wild-collected specimens. More importantly, researchers should be aware that these factors may introduce variance into their study and it is to be hoped that others will embark on investigations to document the effects of age, sex and reproduction on the pneumatization process and bone structure.
Methodological concerns of comparative µ µ µ µCT studies
The µCT system allowed us to analyse the constituent We are confident that this approach is reasonable and that our cortical bone results (including the thickness colour map shown in Fig. 4 ) are representative of actual structural differences between the two species (Fig. 5) .
The ventral cortical shell was included in this study as it is a mechanically relevant region due to the probable combined compressive and bending loads placed on Matters of scale are also important considerations in µCT studies. Such issues arise with regard to the selection of appropriate scan settings (resolution) and VOI determination. Specimens in the current study were scanned using a 30-µm isotropic voxel, which represented at most 33% of the thickness of the average trabecula and a smaller percentage of the average cortical thickness. As vertebrae used in this study were of generally similar dimensions, all specimens were scanned with the same voxel size setting. Moreover, the use of a voxel size to trabecular thickness ratio of 33% falls within acceptable standards for quantifying both cortical and trabecular bone parameters. Müller et al. (1996 Müller et al. ( , 1998 demonstrated that human vertebral trabecular bone, which is only slightly thicker than the trabeculae measured here, could be accurately quantified with 40-µm isotropic voxels. However, in future studies that include more and smaller species, it may be necessary to reduce voxel size in the event that trabecular thickness scales with body mass. Studies conducted on mammals indicate that average trabecular thicknesses do not vary greatly in medium-to large-bodied taxa (Mullender et al. 1996; Swartz et al. 1998) ; however, some data suggest that smaller-bodied mammals (e.g. strepsirhine primates) may in fact exhibit isometric relationships with regard to trabecular thickness (at least within a certain body size range; Fajardo et al. 2005) .
Although comparable data are not yet available for avian taxa, workers should at least be aware of such possibilities and attempt to scale voxel sizes so as to maintain a low voxel to trabecular thickness ratio, thereby reducing measurement error (e.g. Ryan & Ketcham, 2002a; Fajardo et al. 2005 ).
VOIs in this study were adjusted (scaled) for centrum height by using the first and last slice relative to the position of growth plates identified in the scan data set. In studies of long bone metaphyseal regions, where VOI determination is a non-trivial matter, it is imperative that researchers consider adjusting VOIs relative to body size or some local, biomechanically relevant feature.
For example, if uniform VOIs are applied across a set of species ranging in body size or long bone lengths, oversampling may occur in smaller taxa (or undersampling in large taxa). Ultimately, this could undermine comparisons of biomechanically similar volumes and potentially conflate variation as intra-individual trabecular architectural variation in birds may, at least, be as high as that reported in humans and non-human primates (Whitehouse, 1974; Whitehouse & Dyson, 1974; Banse et al. 2001; Ryan & Ketcham, 2002a; Fajardo et al. 2007 ).
As the goal of comparative cortical and trabecular bone studies is to analyse biomechanically homologous regions, VOIs must be scaled appropriately.
In conclusion, this study suggests that µCT-based methods represent a novel and useful tool for examining the effects of pneumatization on skeletal structure in birds. Based on data derived from two closely related, yet ecologically divergent, duck species, it appears that cortical bone is affected more than trabecular bone by the pneumatization process. Importantly, µCT provides a useful non-destructive means for assessing bone microstructure, a fact that will facilitate future studies encompassing larger comparative (i.e. interspecific) samples, not to mention research incorporating vertebrae from other regions of the axial skeleton. Moreover, future analyses may use the same specimens for mechanical testing while at the same time converting the voxel-based image data sets into finite element models (Van Rietbergen et al. 1999 , 2003 Ryan & van Rietbergen, 2005) . Such efforts will allow us to investigate directly the mechanical consequences of structural (and tissue mineral density) differences in pneumatic and apneumatic bone, whereas finite element models will aid investigations of load sharing between cortical and trabecular bone and the role played by these two tissue types in subarticular regions (see Currey, 2002) .
In closing, as it is generally appreciated that pneumatization occurs after hatching (Bremer, 1940; Hogg, 1984b) , we are currently developing protocols to examine ontogenetic effects of pneumatization by comparing growth series of pneumatic and apneumatic species.
Generally, this will allow us to document interactions between skeletal and respiratory tissues, and perhaps more importantly, to characterize tissue-level dynamics as pneumatic epithelium induces resorption and invades dicticus using micro-computed tomography (µCT 
